Assembly of the HIV and other retroviruses is primarily driven by the oligomerization of the Gag polyprotein, the major viral structural protein capable of forming virus-like particles even in the absence of all other virally encoded components. Several critical determinants of Gag oligomerization are located in the C-terminal domain of the capsid protein (CA-CTD), which encompasses the most conserved segment in the highly variable Gag protein called the major homology region (MHR). The CA-CTD is thought to function as a dimerization module, although the existing model of CA-CTD dimerization does not readily explain why the conserved residues of the MHR are essential for retroviral assembly. Here we describe an x-ray structure of a distinct domain-swapped variant of the HIV-1 CA-CTD dimer stabilized by a single amino acid deletion. In the domain-swapped structure, the MHR-containing segment forms a major part of the dimerization interface, providing a structural mechanism for the enigmatic function of the MHR in HIV assembly. Our observations suggest that swapping of the MHR segments of adjacent Gag molecules may be a critical intermediate in retroviral assembly.
T
he main structural protein encoded by the HIV-1 virus is a 55-kDa multidomain protein, Gag, that oligomerizes to form a protein shell around the viral genome during assembly and budding of the immature viral particle (1, 2) . The released immature virus subsequently undergoes a maturation process that is mediated by proteolytic processing of Gag by the viral protease and involves a major structural rearrangement within the virion. The most remarkable change is the formation of the characteristic conical core structure formed by the proteolytically released capsid protein (CA) around the viral genome. Only Ϸ1,000-1,500 CAs are estimated to form the mature viral core, whereas Ϸ5,000 Gag subunits form the shell of the immature viral particle, suggesting that the assembly of the immature virus particle and the assembly of the mature viral core are two distinct assembly events in the viral life cycle rather than a structural rearrangement of the same protein assembly (3) . The assembly of the immature particle is a complex multistep process mediated by numerous distinct interactions of Gag proteins with each other and other viral and cellular components. No highresolution structural information is currently available for the arrangement of Gag units within the shell of the immature retroviral particle, and existing models of retroviral assembly are derived from high-resolution studies of isolated Gag fragments. Reconstruction of the protein arrangement in the immature particle from such partial structural data is challenging, because it is not immediately apparent whether the protein contacts observed in the crystals of the isolated domains faithfully represent the arrangement of the protein subunits in the viral shell. Important clues on the architecture of the viral shell come from the electron microscopy (EM) studies of the virus-like structures formed in vivo or in vitro (see refs. 4 and 5 and references therein), although the resolution of these EM reconstructions is still not sufficient for reliable fitting of the highresolution x-ray or NMR structures into the EM density.
A general consensus from numerous mutagenesis studies is that some of the key determinants of Gag oligomerization are contained in the C-terminal domain of the CA (CA-CTD) (1) . Viral assembly is very sensitive to mutations or deletions in this region of Gag. In particular, the CA-CTD encompasses the most conserved segment in the otherwise highly variable Gag polyprotein known as the major homology region (MHR) (6) . Disruptive mutations of the conserved residues in this region of Ϸ20 aa result in severe defects in viral assembly, whereas some of the more conservative MHR substitutions are still assemblycompetent but seem to interfere with viral infectivity (7) (8) (9) (10) . The mechanism of the critical MHR function in the assembly of the immature particle is not known. The current model of the CA-CTD function is based on its ability to act as a dimerization domain (1) . The functional dimer interface of the CA-CTD is inferred from the crystal structure of the isolated CA-CTD domain of HIV-1 (11) . In the CA-CTD crystal, the dimer is formed through the packing of the helix 2 against the helix 2 of the monomer related by the crystal symmetry, and mutations of the interface residues completely abolish CA dimerization in solution. Nevertheless, it is still not clear how this interaction can account for the critical role played by the CA-CTD in the assembly of the immature viral particle. First, mutations of the crystal dimer interface residues have a pronounced effect on viral assembly but do not completely block it (12) . Second, the interface residues are not conserved in different retroviruses, and the capsids of the Rous sarcoma virus, human T cell leukemia virus type 1, and equine infectious anemia virus all seem to be monomeric in solution at concentrations of up to 1 mM (13) (14) (15) . Finally, the critical MHR segment is not located at the dimer interface in the HIV-1 CA-CTD crystal, and the reason for its remarkable conservation in retroviruses is not apparent from the existing CA-CTD dimerization model.
The NMR structure of the SCAN domain, a dimerization module found in mammalian zinc-finger proteins that is structurally and evolutionary related to the retroviral CA-CTD, suggests an entirely different model of CA-CTD dimerization (16) . By analogy to the SCAN dimer, dimerization of the CA-CTD could occur via the so-called three-dimensional domain-swapping mechanism ( Fig. 1 A and B) . Threedimensional domain swapping occurs by exchanging a structural element of one protein monomer with an equivalent element of the other monomer, resulting in a dimeric structure in which only the linker region, which connects the swapped element with the rest of the protein, adopts a distinct conformation (17, 18) . The striking feature of the SCAN-like model of CA-CTD dimerization is that the swapped structural element contains the MHR region of the retroviral CA-CTD, providing a straightforward model of the critical role played by the MHR in the CA-CTD function. Here we report that the HIV-1 CA-CTD is capable of domain-swapped dimerization and discuss the implications for retroviral assembly.
Results
Dimerization Properties of the ⌬177 CA-CTD Mutant. The dimermonomer equilibrium in domain-swapped dimerization is known to be sensitive to the composition and the length of the linker region (19) . To perturb the dimerization equilibrium of the isolated CA-CTD, we used site-directed mutagenesis to prepare CA-CTD mutant with a single amino acid deletion of Ala-177 in the linker region (⌬177 CA-CTD). The mutant CA-CTD was purified as a fusion with a GST affinity tag and subsequently cleaved off by using thrombin digestion. Size-exclusion chromatography of the cleaved ⌬177 CA-CTD revealed that the construct exists as a mixture of two distinct species that can be readily separated by gel filtration (Fig. 1C) . The sedimentation equilibrium analysis revealed that the two chromatographic peaks correspond to the monomer and the dimer of ⌬177 CA-CTD (Fig. 1D ) (see Materials and Methods) . Exchange between the monomer and dimer is very slow at 4°C and does not reach an equilibrium distribution even after 1 week (Fig. 1C) . Such slow exchange is characteristic of the domain-swapped dimerization (18) .
Crystal Structure of the ⌬177 CA-CTD Dimer. To characterize the structure of the dimer and to check whether it indeed forms a domain-swapped structure similar to the one observed in the SCAN domain, we pursued a crystallographic approach. We were able to crystallize the purified ⌬177 CA-CTD dimer at 4°C and determine its structure at 2.4-Å resolution ( Table 1) . The x-ray structure confirms that ⌬177 CA-CTD forms a domainswapped dimer ( Fig. 2A) . The architecture of the dimer is essentially identical to the architecture of the SCAN domain dimer: the dimer is formed by exchanging the protein segment that contains the N-terminal strand, a turn, and helix 1. This segment encompasses the MHR, and the conserved MHR residues are essential for formation and stability of the dimer (Fig. 2B) . In particular, conserved Gln-155 and Tyr-164 form an important part of the dimer interface. Residue 164, which only occurs either as a phenylalanine or a tyrosine in retroviruses, is located at the center of the largely hydrophobic dimer interface flanked by Phe-161 and Phe-168 and packed against Leu-190 of the other monomer. Consistent with this observation, mutation of Leu-190 to alanine in HIV-1 results in a pronounced assembly defect (20) . The orientation of Gln-155 is quite unusual because this polar residue is not surface-exposed but, rather, projects into the interior of the protein where it bridges across the dimer interface by forming an intramolecular hydrogen bond with the carbonyl oxygen of Glu-159 of one monomer and an intermolecular hydrogen bond with the Asn-195 amide proton of the other monomer (Fig. 2B ). This unusual structural feature explains the remarkable conservation of Gln-155 in diverse retro- The highest-resolution-shell values are shown in parentheses.
viruses and the observation that mutations of this residue essentially block viral assembly.
Other highly conserved residues of the MHR (Gly-156, Glu-159, and Arg-167; Fig. 2B ) do not form dimer contacts, but instead participate in an extensive intramolecular hydrogenbonding network on the surface of the MHR fold. This network of interacting residues might contribute to the folded stability of the MHR and/or facilitate the domain-swapping process by preventing the complete unfolding of the MHR during the transient opening of the CA-CTD required for formation of the domain-swapped dimer. Conformational rigidity of the swapped MHR element could facilitate domain swapping by avoiding the kinetically unfavorable, partially unfolded intermediates that otherwise could arise as protein-protein interactions are lost during the process of domain swapping (19) .
A comparison of our domain-swapped structure with previously reported crystal structures of the HIV-1 CA-CTD (11, 21) reveals that most of the CA-CTD structure is unchanged in the domain-swapped dimer relative to the side-by-side dimers. However, the MHR fold mediates intermolecular contacts in the domain-swapped dimer instead of the intramolecular contacts observed in side-by-side dimers of the CA-CTD. As expected, the altered protein topology in the swapped dimer results in a different conformation of the linker region (amino acids 174-178) between helices 1 and 2, but the most striking structural change occurs in helix 2 of the monomer after dimerization (Fig.  2 C and D) . Helix 2 is markedly kinked in earlier x-ray structures of the HIV-1 CA-CTD (11, 21) (Fig. 2C ), whereas helix 2 is an ideal, straight ␣-helix in the domain-swapped dimer (Fig. 2D) . A release of strain accompanying the unkinking of helix 2 could provide a driving force for the formation of a domain-swapped dimer. Inspection of other known retroviral CA-CTD structures (13-15) reveals notable deviations from the ideal helical geometry in helix 2 in all of these structures, which suggests a ''loaded spring'' mechanism that may be conserved in many retroviruses.
Comparison of the structures also reveals the most likely effect of the ⌬177 mutation in the CA-CTD monomer: shortening of the linker region is most likely to destabilize the packing interactions of helix 2 and shift the conformational equilibrium toward the domain-swapped dimer (Fig. 2C ).
In Vitro Assembly of the ⌬177 Mutants of the HIV-1 Capsid and Gag.
To check whether the ⌬177 mutation is compatible with viral assembly, we investigated the assembly properties of the ⌬177 mutants in vitro. Various recombinant HIV-1 Gag constructs were shown to assemble in vitro into three-dimensional structures similar to the ones observed in the viral particles isolated from cell culture. Purified CA can assemble at high salt conditions into tubes and cones, mimicking the architecture of mature viral cores isolated from the live virus (22) (23) (24) (25) (26) . On the other hand, longer Gag constructs, encompassing various portions of the matrix domain, CA, spacer peptide 1 (SP1), and nucleocapsid, were shown to assemble into spheres that are similar to the immature viral particles (5, (27) (28) (29) . To probe the effects of the ⌬177 mutation on assembly, we introduced this deletion into the full-length CA protein (30) and the p6-deleted construct of Gag (5). The proteins were expressed in Escherichia coli and purified as described in Materials and Methods. The purified proteins were then incubated at conditions that promote assembly of the wild-type proteins. Fig. 3 shows EM images of the particles formed by the proteins containing the ⌬177 mutation. The ⌬177 CA was observed to form cylinders of Ϸ50-60 nm in diameter, very similar to the structures formed by the wild-type CA (Fig.  3B) . The EM images of the ⌬177 p6-deleted Gag assemblies reveal collapsed spherical particles, indicating that the ⌬177 Gag is also assembly-competent (Fig. 3A) . However, the sizes of the spheres vary significantly (from 50 to Ͼ300 nm), with the most common size being Ϸ200 nm. These spheres are not as uniform and are significantly larger than the particles reported for the wild-type p6-deleted Gag constructs (5, 27, 29) . Intriguingly, the size distribution of the particles formed by the ⌬177 Gag in vitro is similar to the one observed in vivo for a Gag mutant with impaired CA-CTD dimerization (31) . Moreover, the size of the virus-like particles formed by the p6-deleted Gag was shown to be influenced by inositol phosphates (32) , and the C-terminal domain of the CA seems to be involved in the inositol phosphate binding (33) . Therefore, it is possible that the CA-CTDmediated interactions may affect the curvature and size of the assembled particle. A careful comparison of the assembly properties of the wild-type Gag constructs and Gag mutants with altered CA-CTD dimerization will be required to establish any such connection.
Discussion
Our understanding of retroviral assembly is limited by the lack of high-resolution structural information about the arrangement of Gag subunits within the shell of the immature viral particle.
In the absence of sufficiently high-resolution EM reconstructions of the virus-like structures, it is difficult to piece together the architecture of the immature virus particle from highresolution structures of isolated Gag domains. For example, the molecular basis for the critical assembly function of the MHR, the most conserved segment of Gag, has remained elusive for over a decade because the existing structural information does not readily explain the remarkable conservation of the MHR and the extensive mutagenesis data. The domain-swapped CA-CTD structure described here suggests that the MHR may be directly involved in CA-CTD dimerization. Patterns of amino acid conservation within retroviral proteins can be informative because of the strong selective pressure to change amino acid composition to evade the host's immune response while maintaining the essential functions of viral proteins. Therefore, the conserved patterns in the retroviral genomes reveal critical primary sequence elements for which alternatives are not easily found. In general, one observes that the conservation within the viral enzymes is considerably higher than within the structural proteins, probably reflecting the fact that the productive dynamic modes required for enzymatic catalysis are more sensitive to amino acid substitutions than the purely structural elements of the virus. Indeed, a remarkably low level of amino acid identity is observed for the structural Gag polyprotein in different retroviruses, given that the threedimensional structures of its domains seem to be essentially the same across different retroviral families. The conservation of the MHR within the otherwise highly variable Gag is exceptional, and this conserved motif is present in all known retroviruses and in some retrotransposons. An unexpected model of the enigmatic MHR function was suggested by the NMR structure of the evolutionary and structurally related SCAN domain (16) . The domain-swapped SCAN structure suggested that this dimerization mode may represent a previously unrecognized conformation of CA-CTD that is critical for viral assembly. Here we report direct evidence in support of this model. By introducing a single alanine deletion into CA-CTD, we were able to perturb the dimerization equilibrium of the isolated CA-CTD domain. The x-ray structure of the purified ⌬177 CA-CTD dimer revealed that, indeed, it does adopt a domain-swapped architecture in which the MHR forms a major part of the dimer interface. This structural role of the MHR suggests why mutations in this region are detrimental to viral assembly. Furthermore, the molecular motions inferred for the domain-swapping process provide an additional explanation for the remarkable conservation of the MHR during retroviral evolution. A conserved network of hydrogen bonds (Fig. 2B) could stabilize the MHR and prevent unfolding as helix 1 relinquishes its cis packing interactions in the monomer to repack on a partner subunit in the domain-swapped dimer.
Another notable structural feature of the CA-CTD may activate the transition from the CA-CTD monomer to the domain-swapped dimer. Because dimerization by domain swapping requires a transient opening of the monomer, an inherent instability of the native monomer could lower the activation barrier for domain swapping. Notably, the structures of HIV-1 CA-CTD monomers and side-by-side dimers reveal a pronounced kink in helix 2. A similar kinking of helix 2 is observed in the x-ray structure of the CA-CTD of the equine infectious anemia virus (13) . NMR structures of the CA-CTDs of the Rous sarcoma virus and human T cell leukemia virus type 1 also display notable deviations from the ideal backbone geometry within the helix 2 segment (14, 15) . In contrast, helix 2 straightens and adopts ideal helical geometry when packed against a neighboring CA-CTD subunit of the domain-swapped dimer. The unbending of helix 2 slightly changes the overall shape of the CA-CTD; therefore, it may be possible to distinguish between the swapped and unswapped conformations of the CA-CTD in cryo-EM reconstructions of virus-like particles determined at sufficiently high resolution.
The observed structural change of the CA-CTD suggests that the distortion of helix 2 in the monomer may act as a loaded spring that destabilizes the structure of the CA-CTD monomer. Close proximity of the CA-CTD modules brought about by interactions of the other Gag modules during assembly of the immature particle, therefore, may be sufficient to trigger formation of the domain-swapped dimer. The correct juxtaposition of the CA-CTD domains can most likely be accomplished by the adjacent nucleocapsid domain, which promotes Gag oligomerization through nonspecific interactions with the viral RNA (1). This hypothesis is supported by the observation that, after addition of RNA, the CA-SP1-nucleocapsid constructs assemble into tubular structures at lower salt and protein concentrations than the CA domain alone (23, 24) . The putative domainswapped dimerization may also be coupled to other molecular determinants of Gag assembly. For example, the integrity of the region spanning the CA-SP1 junction is critical for assembly (34, 35) , whereas chemical compounds and mutations that prevent the CA-SP1 cleavage interfere with viral maturation (36) . This region is disordered in all structural studies on isolated Gag fragments, including ours, but the mutational data indicate that it may be structured in the context of the full-length Gag within the immature viral shell (34, 35) . Any interactions mediated by this polypeptide segment immediately adjacent to the CA-CTD structure, therefore, may be coupled to the CA-CTD dimerization equilibrium. In addition, the two cysteines located in the CA-CTD were suggested to participate in an oxidative capsid assembly mechanism, in which CA oligomerization or maturation is triggered by disulfide bond formation between the two cysteines as the budding virus enters the oxidizing environment of the bloodstream (14, 37) . The cysteines are reduced in our crystal structure, but it is possible that formation of the intradomain disulfide bond flanking the domain-swapped dimer interface could alter the stability of the domain-swapped dimer.
In conjunction with the extensive data on the functional significance of the MHR in the assembly of the immature retroviral particle, our findings suggest that domain swapping may be a critical event in the immature particle assembly. CA-CTD dimerization is also involved in the subsequent assembly of the mature viral core; thus, it is formally possible that the domain-swapped conformation may be present in the mature core as well. However, there is little experimental evidence to argue in favor of the domain-swapped model over the conventional side-by-side model of CA-CTD dimerization in the mature core, and the resolution of the cryo-EM reconstructions of the core-like assemblies formed in vitro is not sufficient to distinguish between the two CA-CTD conformations (38, 39) . Here we report that the ⌬177 deletion mutants can assemble into immature-virus-like and core-like structures in vitro, but these results do not directly support involvement of domain swapping in these assembly events because the assemblies may be formed exclusively by the nondomain-swapped form of the proteins. Further investigation of capsid-mediated dimerization is required to test whether the domain-swapped conformation of the CA-CTD is present in the immature virions or the mature viral cores.
The interlocked arrangement of viral capsid subunits conferred by domain swapping may have several advantages over more conventional side-by-side interactions between structural modules. First, for a given protein size, the intertwined domainswapped dimer is likely to create a much larger dimer interface than what can possibly be achieved in the side-by-side dimer. For example, the dimer interface of the HIV-1 CA-CTD domainswapped dimer measures Ϸ1,620 Å 2 . This is a very large area for a protein of Ͻ100 aa, and it constitutes almost 30% of the total monomer surface. As a result, an extensive and robust interface between viral building blocks can be achieved without an increase in the size of the interacting protein and, therefore, in the size of the viral genome. In fact, domain swapping has been observed in the crystal structures of several icosahedral viruses (40) (41) (42) . Second, although the domain-swapped protein dimer is mechanically robust, it is thermodynamically only marginally stable given the similar interactions of the swapped and unswapped configurations, which may be very important for the productive viral life cycle; although it is desirable for the viral coat to be strong enough to withstand environmental stress during cell-to-cell transmission, after cell entry the virus must efficiently uncoat to establish a productive infection. Finally, the metastable nature of the domain-swapped dimer provides a way to control the directionality of the assembly and the disassembly steps in the viral life cycle. For example, if within the full-length Gag the CA-CTD dimerization indeed is promoted by the adjacent Gag modules, once the Gag polyprotein is cleaved by the viral protease, the domain-swapped dimer would be only metastable, and its eventual disassembly would be irreversible. This delicate energetic balance of the domain-swapped dimerization may explain why the virus is so sensitive to mutations in the MHR region. Collectively, our findings strengthen the possibility that the swapping of the MHR segment between adjacent Gag molecules may represent a critical intermediate step in retroviral assembly. They also suggest that interfering with this process may be a viable strategy for inhibition of the critical assembly or disassembly events in the viral life cycle.
Materials and Methods
Molecular Cloning, Protein Purification, and Analytical Ultracentrifugation. The full-length CA was produced from the pWISP98-85 plasmid (30) obtained from the National Institutes of Health AIDS Research & Reference Reagent Program. The CA-CTD construct was prepared by subcloning the 146-231 fragment of the CA protein from the pWISP98-85 plasmid into the pGEX2T expression vector. The p6-deleted construct of HIV-1 Gag (MACANCexact), which contains a 6-His affinity tag preceding the N terminus of the matrix domain, has no deletions within the Gag coding sequence, and ends at the C terminus of the nucleocapsid (5), was kindly provided by Eric Barklis (Oregon Health and Sciences University, Portland, OR). The ⌬177 mutants of the CA-CTD, CA, and MACANCexact constructs were prepared by performing QuikChange site-directed mutagenesis (Stratagene, LaJolla, CA) on the expression plasmids encoding wild-type proteins. The CA-CTD was expressed as a GST fusion and purified on the glutathione-conjugated Sepharose (HiTrap) by using the standard protocols. The GST affinity tag was subsequently cleaved off by using thrombin digestion. The resulting CA-CTD fragment had an additional glycine residue at the N terminus, followed by Ser-146 of the CA. The C terminus of the CA-CTD construct was exactly at the C terminus of the mature CA (Leu-231). The CA and the p6-deleted construct of Gag (MACANCexact) were expressed and purified following published procedures (5, 30) . Sedimentation equilibrium experiments with the ⌬177 CA-CTD mutant were performed by using a Beckman XLA analytical centrifuge in the 50 mM sodium phosphate (pH 6.5)/50 mM NaCl/5 mM DTT buffer (Beckman Coulter, Fullerton, CA). Protein concentration was Ϸ0.3 mg/ml, and the sedimentation equilibrium distributions were measured at rotor speeds of 25,000, 35,000, and 40,000 rpm. Fig. 1D shows the data acquired at 25,000 rpm. The solid and dashed lines show the expected theoretical equilibrium distributions for the ⌬177 CA-CTD dimer and the monomer, respectively, assuming partial specific volumes, , of 0.72 ml/g for both samples.
Protein Crystallization and X-Ray Crystallography. After cleavage of the GST affinity tag, the ⌬177 CA-CTD dimer was separated from the monomer by size-exclusion chromatography on Superdex75 media (GE Healthcare, Chalfont St. Giles, U.K.) at 4°C in a buffer containing 50 mM sodium phosphate (pH 6.5), 50 mM NaCl, and 5 mM DTT. The ⌬177 CA-CTD dimer sample was concentrated to 5 mg/ml protein, and 1 l of the concentrated protein solution was mixed with 1 l of reservoir solution [0.1 M sodium phosphate (pH 6.75)/28% (vol/vol) PEG 1500/15% (vol/vol) glycerol]. The resulting 2-l drops were equilibrated by the hanging-drop vapor-diffusion method at 4°C. Protein crystals that were suitable for diffraction experimentation grew in 2-3 days. The crystals were flash-frozen in liquid nitrogen directly from the mother liquor. The x-ray diffraction data were collected at cryogenic conditions at the 19-ID beamline at the Advanced Photon Source (Argonne, IL). The x-ray diffraction phase problem was solved by a molecular-replacement approach by using the structure of the wild-type CA-CTD monomer (11) as the search model. In the molecular-replacement search model, the linker region and a part of helix 2 (residues 174-188 of the capsid) were removed to avoid introducing a bias in the possible mode of dimerization. These missing regions and other regions in which discrepancies with the search model were observed were subsequently rebuilt iteratively with structure refinement by using REFMAC (43) without any ambiguity solely on the basis of the observed difference electron density.
In Vitro Assembly Assays. Purified CA was concentrated to 15 mg/ml by using Ultrafree 15 (10-kDa cutoff) concentrators (Millipore). The buffer of the concentrated CA sample was replaced with 0.1 mM Tris (pH 8.0) and 1 M NaCl by using BioSpin 6 desalting columns (Bio-Rad, Hercules, CA). The protein was incubated in the high-salt buffer for 12-15 h at 37°C, diluted 20-fold, and then analyzed by EM using negative staining. Purified p6-deleted construct of Gag (MACANCexact) was concentrated to 1.8 mg/ml by using Ultrafree 15 (10-kDa cutoff) spin concentrators (Millipore). The sample buffer was replaced with 0.1 M Tris (pH 8.0)/100 mM NaCl/2 mM DTT by using BioSpin 6 desalting columns (Bio-Rad). After the buffer exchange, 0.2 mg/ml E. coli rRNA (Roche Applied Science, Indianapolis, IN) was added to the samples, and the samples were incubated for 12-15 h at 37°C. After the incubation, the assembled particles were spun down for 1.5 h at 100,000 rpm, and the pellets were resuspended in 1/10th of the assembly buffer and analyzed by EM using negative staining. For EM analysis, 2-5 l of the sample was absorbed on a carbon-coated grid that was glow-discharged for 2 min. Excess liquid was blotted away with filter paper, and the samples were stained with 1% uranyl acetate for 20 sec and dried immediately.
